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Abstract. 1. Widespread and significant declines of insect population abundances and
biomass are currently one of the most pressing issues in entomology, ecology and con-
servation biology. It has been suggested that artificial light at night is one major driver
behind this trend.
2. Recent advances in the gathering and analysis of long-term data sets of insect pop-
ulation and biomass trends, however, have mostly focused on the effects of climate
change and agricultural intensification.
3. We posit here that adequate assessment of artificial night at light that would be
required to evaluate its role as a driver of insect declines is far from trivial. Currently
its implementation into entomological monitoring programmes and long-running eco-
logical experiments is hampered by several challenges that arise due to (i) its relatively
late appearance as a biodiversity threat on the research agenda and (ii) the interdisciplin-
ary nature of the research field where biologists, physicists and engineers still need to
develop a set of standardised assessment methods that are both biologically meaningful
and easy to implement.
4. As more studies that address these challenges are urgently needed, this article aims
to provide a short overview of the few existing studies that have attempted to investigate
longer-term effects of artificial light at night on insect populations.
5. To improve the quality and relevance of studies addressing artificial light at night
and its effect on insects, we present a set of best practise recommendations where this
field needs to be heading in the coming years and how to achieve it.
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Introduction
Since a major study on biomass declines of flying insects in Ger-
many was published in 2017 (Hallmann et al., 2017), a plethora
of reports on insect abundance and biomass trends across the
globe have been published, entailing an intense debate and dis-
cussion about the imminence of insect declines both in the aca-
demic as well as in the media and public realms (Didham
et al., 2020; Saunders et al., 2020; Wagner et al., 2021). These
controversies around how widespread and universal insect
declines really are, and how the respective findings are depicted
in public debate has sparked a surge of new studies relying on
long-term data sets (e.g. Baranov et al., 2020; Crossley
et al., 2020) and meta-analyses of published data (Sanchez-
Bayo &Wyckhuys, 2019; van Klink et al., 2020; also see critical
comments on these meta-studies, e.g. Komonen et al., 2019;
Thomas et al., 2019; Desquilbet et al., 2020; Jähnig
et al., 2021). Overall, the most recent findings of long-term
trends for insects currently paint a complex picture where some
taxonomic or functional groups of insects show marked declines
both in species numbers and overall biomass on local or regional
levels (Seibold et al., 2019; van Strien et al., 2019; Baranov
et al., 2020; Hallmann, 2021), while other studies and meta-
analyses relying on large data sets fail to detect uniform declines
in abundances or biomasses (Macgregor et al., 2019; Crossley
et al., 2020; van Klink et al., 2020; but see Desquilbet
et al., 2020; Jähnig et al., 2021). One potential cause for these
inconsistencies documented in existing data sets could to be
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grounded in false baseline effects as shown by Fournier and col-
leagues (2019). There, site selection bias may cause decreasing
trends in diversity or abundance as statistical artefacts (i.e. study
sites chosen for monitoring are likely to have high abundances of
focal taxa in starting years of long-term studies). The resulting
‘regression to the mean’ effect is likely to affect results regularly
but is rarely addressed in the studies of insect declines so far (also
see Didham et al., 2020; Mentges et al., 2020).
Several factors have been suggested as main drivers of insect
declines and among them climate change, agricultural intensifi-
cation with high loads of fertilisers and pesticides, as well as land
use change are most often blamed for insect declines, biodiver-
sity loss and community reorganisation (Sanchez-Bayo &
Wyckhuys, 2019; Seibold et al., 2019; van Strien et al., 2019;
Baranov et al., 2020; Wagner et al., 2021). Compared to these
factors, the importance of light pollution or artificial light at night
(ALAN) as another major driver affecting local or regional
declines of insects has received less attention, although a recent
analysis of data on insect declines in Germany with remotely
sensed night-time light data suggests high overlap (Grubisic
et al., 2018). Notably, the large majority of these studies ana-
lysed biomass and/or abundance trends of particular orders or
functional groups of insects due to a lack of data providing suf-
ficient taxonomic resolution (but see Hallmann et al., 2021).
While these analyses are important on their own (e.g. for their
ecosystem level consequences), in order to assess how species
diversity of insects are affected by particular drivers, better taxo-
nomic resolution is critically needed as the change among and
within many insect groups is often characterised by a ‘winners
and loser’ pattern (e.g. Baranov et al., 2020).
While there are numerous valuable studies investigating short-
term effects of ALAN on nocturnal insects, showing detrimental
effects of ALAN on a physiological or behavioural level
(e.g. Elgert et al., 2020; also see recent reviews Owens &
Lewis, 2018; Desouhant et al., 2019; Owens et al., 2020), very
few studies focus on effects of ALAN on insect populations that
rely on data covering more than one or two seasons (e.g. van
Langevelde et al., 2018; van Grunsven et al., 2020). Ideally,
long-term studies would include several generations of key spe-
cies and would preferably last 10 years or more (Gaston
et al., 2015; Didham et al., 2020, also see Daskalova
et al., 2021). Hence, understanding the long-term effects that
ALAN imposes on insect populations requires properly designed
studies that combine regular, standardised samplings over such
extended time scales with state of the art light at night measure-
ments. The recent surge in publications on insect population
trends clearly shows how difficult it can be to find robust and
thorough data from long-term studies investigating insect popu-
lation abundance or biomass trends (e.g. Desquilbet et al., 2020;
Jähnig et al., 2021). For the assessment of the impact of ALAN
on long-term insect population trends, such rigorously sampled
and standardised continuous time series of insect monitoring
need to be complemented with adequate documentation of light
at night conditions and change thereof over time, which is partic-
ularly lacking. Therefore, it is not surprising that long-term stud-
ies looking explicitly at the correlation between insect trends and
nocturnal light levels are almost non-existent. To shed light on
this developing, yet data-poor field within the research area of
ecological light pollution, we provide a short overview of exist-
ing studies on long-term effects of ALAN on insects in which
standardised sampling of insects has been carried out over at
least 2 years or seasons. To ensure that good-quality data are col-
lected in the long term, we provide a checklist for future study
design and guidelines for implementing systematic studies that
are able to illuminate the long-term effects and ecological mech-
anisms that light pollution has on insect populations and commu-
nities. Only by improving and implementing approaches to
properly measure and document ALAN and other anthropogenic
factors at the experimental sites, but also in the surroundings, it
will become possible to better disentangle the impact of multiple
drivers of global change that are simultaneously acting (ALAN,
introduced species, land use change, habitat fragmentation, urban
climate, soil sealing and more). The checklist we present is meant
to provide entomologists and insect conservationists entering the
field of light pollution research guidelines to avoid common mis-
takes and add knowledge where it is most critically needed. As
ecologists are only starting to add tools for the characterisation
and quantification of illumination to their tool box,we discuss ade-
quacy and limitations of various light measurement approaches
and present a set of recommendations how future ways of illumi-
nation characterisation and quantification can be standardised.
Investigating, assessing and quantifying the extent to which light
pollution actually contributes to negative trends in insect popula-
tions is urgently needed tomitigate adverse effects and help recov-
ery of insect populations in illuminated landscapes. Overall, our
main goal in this article is to present a set of best practise recom-
mendations for long-term studies of the impacts of ALAN on
insects to improve and refine the relevant research programmes.
Light pollution and insects
Before laying out our recommendations for future long-term
studies on insects and ALAN we provide a short definition and
clarification of light pollution: it can be distinguished into direct
light pollution that originates from nearby light sources or indi-
rect light pollution from light that is diverted by reflection or
scattering. Skyglow is a form of indirect light pollution that orig-
inates from light radiated upwards that is then scattered back
within the atmosphere. It depends on the weather conditions like
clouds or snow cover and can reach illuminance levels brighter
than full-moon in and nearby urban areas (Jechow &
Hölker, 2019a; Jechow et al., 2020).
For insects usually the direct light pollution is the one that
matters most, particularly for flying insects (Eisenbeis, 2006).
However, in some contexts, skyglow can become important
when it is masking celestial information used by insects, for
example, the MilkyWay (Dacke et al., 2013) or polarisation pat-
terns (Foster et al., 2019).
Overview of existing literature on insect population
trends and light pollution
One way to investigate the effects of ALAN on certain insect
groups is to use long-term monitoring data (for e.g. moths) and
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search for differences in population trends for those species that
are known to be light-sensitive compared to those species that
are less attracted to light when confronted with ALAN. Van Lan-
gevelde and colleagues (2018) recently showed with such a
study that light-sensitive moths are particularly affected by pop-
ulation declines analysing a data set ranging from 1985 to 2015.
In these kind of correlative analyses other factors can be incorpo-
rated and separated statistically but ultimately one cannot be sure
that there is indeed a causal relationship between light pollution
and the declines of the light-attracted species. For instance, these
species could also be the ones that are particularly sensitive to
other anthropogenic drivers.
For this study, we collected published studies that investigate
effects of ALAN based on experimental setting that explicitly
sample to investigate population trends in response to light pol-
lution. We were explicitly looking for long-term studies
[at least two, but ideally more years (or seasons) of sampling],
but we found only a very limited set of publications to meet these
criteria. Our literature research revealed only 11 studies that
tracked insect population trends in studies with explicit consider-
ation of ALAN over more than one season (Table 1, see Support-
ing Information for more details). Almost all of these studies
were conducted in Europe and North America, with only one
study taking place in Africa (Minaar et al., 2015). Currently
available studies on long-term effects of ALAN on insects are
mostly limited in temporal duration or resolution, or both. More-
over, the data sets are dominated by studies on Lepidoptera,
although there are few studies investigating the effects of ALAN
on other insect groups or species (e.g. see Larsson et al., 2020 for
a study on Trichoptera). In terms of lighting, the majority of
these studies investigated effects of one type of light source
(e.g. white LED, high-pressure sodium, mercury vapour lamps)
or a change in lighting technology, while fewer studies investi-
gated different light sources and/or colour spectra (e.g. van
Grunsven et al. 2020). Few studies that investigated varying
levels of light intensities were not included here due to limited
experimental samplings (e.g. Sullivan et al. 2019) while most
of the studies in Table 1 rely on data sampled in two consecutive
years (6 out of 11 studies). The notable exception is one recent
study involving seven experimental sites in the Netherlands that
were sampled in five consecutive years from 2012 to 2016 (van
Grunsven et al., 2020; see Spoelstra et al., 2015 for details on
the experimental setup). Another experimental site where data
have been collected since 2012 is located in the nature park
Westhavelland in North-Eastern Germany (see Holzhauer
et al., 2015; Manfrin et al., 2017 for details).
Brief overview of light measurement basics
Light measurements are essential to assess the impact of ALAN
on species, including insects. While light measurements may
appear to be simple, it is particularly the interdisciplinarity of
the field that complicates the measurements. Different physical
quantities (measurands) in different spectral bands and different
units are used across different disciplines. Astronomers, biolo-
gists, and lighting researchers have historically established dif-
ferent approaches and measures that sometimes are and
sometimes are not convertible. Here, we provide a very short
outline about the relevant radiometry, but recommend the book
by Johnsen (2012) to biologists new to the field.
There are fundamentally two different radiometric quantities that
can be measured relatively easily with broadly available sensors,
the radiance or the irradiance. The radiance L (inW/srm2), a direc-
tional quantity, is the radiant flux emitted per unit solid angle per
unit projected area. For an observer, it is the light incident from a
specific solid angle. The irradiance E (in W/m2) is the total radiant
flux received by a surface per unit area. It is important to define the
irradiance properly, because it can be differentiated between scalar
irradiance Escalar (sometimes termed E0), which is the light incident
on a sphere (Smith et al., 1972), and vector or plane irradiance
Eplane, which is the light incident on a plane surface. The latter is
most commonly measured in the horizontal plane Ehorizontal.
In the spectral domain, radiance and irradiance are defined
according to spectral responsivity of a detector, often referred
to as ‘band’. Panchromatic sensors measure the radiance in a sin-
gle spectral band, sometimes due to the sensors own responsivity
(e.g. silicon) or by adding spectral (colour) filters to target a spe-
cific application. The luminance Lv, for example, is the radiance
referenced to the sensitivity of the human eye (in cd/m2) and illu-
minance Ev (in lx) would be the irradiance equivalent. Another
quantity often used in biology is photosynthetically active radia-
tion (PAR) that weights the incident number of photons equally
(not energy) between 400 nm and 700 nm (Thimijan and
Heins 1983). PAR is often given in energetic units W/sm2 or
using photon numbers photons/sm2, sometimes expressed in
mol (1 μmol photons), which is occasionally called ‘Einstein’ –
E. If the spectrum is known, a conversion between luminance
and radiance in any known spectral band (including PAR) is pos-
sible (see supplement of Grubisic et al., 2018).
A panchromatic sensor often used in the context of ALAN is
the sky quality meter (SQM) that measures the zenith night sky
brightness in a spectral band that is only roughly resembling
the photopic curve (Hänel et al., 2018). Astronomers historically
use ‘magnitudes’, a negative logarithmic scale (the lower the
brighter, the higher the darker). The SQM provides a value in
units of mags/arcsec2 that can be roughly approximated to a
luminance value (Hänel et al. 2018). The SQM is designed to
measure at the zenith and should be used with care in the context
of biological studies (Longcore et al., 2020). There are attempts
to establish more intuitive units for the night sky brightness like
the ‘natural sky unit’ and the ‘dark sky unit’ (see Kolláth
et al., 2020), but so far none of them has been standardised.
In biology, spectral information is important and therefore it
is highly advised to measure in multiple bands. So called
multi-spectral sensors have several discrete bands, typically
from 3 to about 20, realised with optical filters. For example,
a digital consumer camera with an red, green, blue (RGB) sen-
sor qualifies as multi-spectral sensor and such cameras with
wide field optics are used to study ecological light pollution
(Jechow et al. 2019). A hyperspectral sensor has many (typi-
cally about 100) discrete bands and spans over a continuum
of wavelengths measuring either the spectral radiance or the
spectral irradiance. A spectrum should ideally be reported in
SI unit W/m2 nm. However, in biological studies often units
based on photon numbers are used.
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Checklist for study design and light measurements
Our recommendations for study design and adequate light mea-
surements fall broadly within three categories that are of course
interconnected in various ways, but for the sake of presentation
we deem them helpful here. These categories are (I) resolution
of insect sampling and analysis, particularly in terms of temporal
and taxonomic considerations; (II) adequate and independent
control treatments that are designed to take into account
co-occurring stressors; and (III) adequate measurement of light
at night given its multiple dimensions (see above). We outline
the details for all of these categories and how they can be imple-
mented in improved research programmes tackling the problem
of declining insect populations and continuously growing levels
of light pollution.We are fully aware that lack of implementation
of proper replication, control, sampling resolution or taxonomic
detail are more often than not primarily a problem of limited
funding and expertise rather than intentional. On the other hand,
methodological accuracy when measuring and evaluating
ALAN is still also a problem of lack of common practical stan-
dards in this rapidly developing field. While we acknowledge
that fulfilling all listed criteria will rarely be possible from the
practical point of view, we want to encourage researchers to find
the best possible trade-off between different aspects
(e.g. identification of taxa at species level and sampling fre-
quency) given the question they aim to answer. Not fulfilling
all of the desirable criteria that we lay out here does not invali-
date a study but merely limits the conclusions that can be drawn
from it. Therefore, these recommendations should be seen as
that, recommendations, rather than a binding list of
requirements.
Category I: insect sampling and analysis
A crucial challenge when investigating the long-term effect of
ALAN is that many insect populations are fluctuating substan-
tially and often randomly even in the absence of anthropogenic
impacts (Gaston & Lawton, 1988). There is often high inter-
annual variability and pronounced seasonality in insect abun-
dance patterns and this variation can confound the observed
effects and lead to false conclusions if not accounted for in the
study design. Particularly site selection bias has been discussed
recently as an underappreciated issue in the design of long-term
studies (Fournier et al., 2019; Didham et al., 2020; Mentges
et al., 2020).
• Conduct long-term studies with repeated samplings: Ecolog-
ical effects of ALAN might not be visible in short term (van
Grunsven et al., 2020) and the initial impact of ALAN on
insect communities can even be opposite to the long-term
effects. Initial attraction to light may result in local increases
in insect abundances (Eisenbeis 2006), but in the long term
the negative impact on reproduction and survival might result
in reduced numbers. In most cases, the long-term impact is of
interest and any study should last long enough to be able to
measure these. Drawing from recent analyses of insect abun-
dance or biomass trends unrelated to ALAN research
(e.g. Macgregor et al., 2019, Crossley et al., 2020, Baranov
et al., 2020), one can simply conclude: the longer a time
series the better to avoid drawing false conclusions (also
see Fournier et al., 2019). But in the case of a completely
new threat, we necessarily have to start from scratch if we
want to establish a long-term experiment with full control
over lighting conditions (see below).
• Sample across multiple seasons: Insect population dynamics
often have pronounced seasonal patterns. Therefore, it is
important to assess them in more than one season, at least if
the aim is to achieve representative samples. For insect
groups or species, which are active only during short periods
in a year, sampling across multiple years is recommended to
increase level of replication and robustness of the results (see
Fournier et al., 2019; Didham et al., 2020).
• Aim for a high temporal resolution: If the intention is to quan-
tify an impact on the whole insect community or the whole
assemblage of one or more insect orders, the temporal resolu-
tion should be relatively high. Many insect species have short
flight periods and sampling that coincides with a flight peak
or falls in between flight peaks can falsely give the impres-
sion that numbers have changed between years. By sampling
frequently, this can be avoided. Weekly or biweekly sam-
plings would be desirable, and biweekly samplings have the
additional advantage to allow for synchronisation with lunar
phases (see below).
• Aim to achieve a high taxonomic resolution in your study:
Most entomologists will know that high taxonomic resolu-
tion in a long-running monitoring or experimental set-up will
be difficult to implement due to lack of resources or taxonom-
ical expertise. We want to highlight here that particularly
when setting up a long-term experiment researchers should
consider emerging technologies. Automated identification
with high- throughput image analyses or molecular methods
will likely become more easily available during the coming
years as seen by recent methodological advances (e.g. Ärje
et al., 2020 for automated image based identification or
Thomas et al., 2018 for automated sampling of environmen-
tal DNA; also see Høye et al., 2021). Depending on the ques-
tions, one wants to answer it can be sufficient to identify
specmen to higher taxonomical levels only (e.g. family or
order), but identification on species level does give insight
in how composition shifts and not merely changes in total
numbers or biomass. Notably, highly resolved time series
for a larger number of taxonomically well-resolved taxa also
helps to avoid the aforementioned issue with false baseline
effects (Fournier et al., 2019; Didham et al., 2020; Mentges
et al., 2020).
• Diversify sampling methods: Using a set of different trapping
and sampling methods (e.g. interception traps, pitfall traps,
sweep netting, emergence traps, light traps, etc.) within the
same habitat is suitable to give more comprehensive results
and cover a broader range of functional and taxonomic
groups. Each trapping mechanism has its own benefits and
disadvantages. Using one method can be sufficient to estab-
lish a trend but comparing trends with different methods
should be done carefully.
• Document how traits (e.g. body size, eye size) respond to
ALAN: Documenting not only taxonomic identity but also
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traits like eye size over time would allow to assess adaptive
responses on a population level as well functional changes
on the level of assemblages and communities. This can give
insight in how insect communities change functionally as a
result of ALAN.
Category II: providing adequate control treatments that take
into account co-occurring stressors
In addition to naturally high levels of fluctuation, insect abun-
dances that are monitored in long-term studies might also be par-
ticularly affected by other anthropogenic factors like climate
change (e.g. Baranov et al., 2020) or land use change and agri-
cultural intensification (Seibold et al., 2019). Hence for being
able to disentangle the effects of ALAN from other factors
affecting population dynamics, it is critical to implement various
control schemes in the sampling design of any study that
assesses the effects of ALAN on insects.
• Monitor background dynamics of insect populations in adja-
cent unlit areas: To assess the responses of insects to ALAN,
it is essential to have controls that are sampled under very
similar conditions (including other anthropogenic stressors)
to the experimental (i.e. lit) treatments. Populations of insects
can fluctuate strongly and this should not be confounded in
the results. To be potentially able to track even subtle changes
in abundances of various groups and species of insects, a
two-level control is preferable: (i) Monitoring at a local level
in relative vicinity (i.e. within a distance of few hundred
metres) to the lit sampling area, but also (ii) monitoring insect
abundances and biomass at the landscape level to estimate
background information which can give insight in natural
fluctuations in abundances of the insects studied. In some
places it might be possible to complement studies on ALAN
with existing long-term monitoring programmes. Moreover,
it has been particularly difficult repeatedly to disentangle
the effects of ALAN from other associated anthropogenic
stressors (Perkin et al. 2011). Experimental approaches can
help to exclude confounding factors such as typical urban
stressors by e.g. arranging an experiment in previously
ALAN-naïve pristine areas (e.g. Manfrin et al., 2017). Alter-
natively, positioning of replicated study sites along urban-to-
rural gradients while complementing them with latitudinal
and altitudinal gradients has been suggested to improve our
understanding of insects’ evolutionary responses to climate
change (Verheyen et al., 2019) and this approach could also
be useful for ALAN research.
• Monitor diurnal abundances in the same areas: In addition to
keeping track of landscape levels of insect population
dynamics, it is also advisable to monitor the background
dynamics during the day, although we know that the diurnal
insect community is different, affected by other drivers and
not necessarily correlated. This is especially useful if passive
and/or nocturnal traps are being used because, opportunistic
nocturnal species may change their temporal niche
(Manfrin et al., 2017), resulting in increased diurnal activity
and population abundances and a potential decrease in noc-
turnal samples.
• Independent replicates for both the treatment and the control
enhance robustness of results: As trends may differ locally
and can be influenced by factors outside of the control of the
experiment it is advisable to havemultiple independent assess-
ments of the impact of ALAN. In this way, the real impacts of
ALAN can be statistically separated from random fluctuations.
• Make sure that control sites provide adequately dark condi-
tions deprived of nocturnal illumination as much as possible:
Spill of light into the controls from nearby light sources
should be avoided. Ideally, no light sources should be
directly visible at the controls e.g. from nearby settlements
even if almost no light is detected with standard measures
at the site. It might be required to add shielding to lighting
near the control sites. In addition, the control should be
placed in a location with minimum skyglow, but this might
be challenging in or near densely populated places with high
levels of ALAN. As a rough orientation for maximum illumi-
nance in controls, the light that natural light sources (e.g. the
moon) may provide can be used. However, since outdoor
studies should always refer to the lighting context to which
the insect communities have already adapted (urban, peri-
urban, pristine), an adjustment to these conditions is highly
recommended depending on the research questions.
Category III: comprehensive and regular measurements of
nocturnal light to accompany long-term studies
Light is key to any ALAN study so a comprehensive monitor-
ing of natural nocturnal light and light pollution is necessary. We
are aware that the full assessment of all details of the multi-
dimensional light field in terms of spectral, spatial and temporal
information is extremely challenging with current commercial
equipment. However, a strategy to obtain as much meaningful
information as possible can be outlined.
• How tomeasure?We recommend to mainly use ground-based
measurements to monitor changes in nocturnal light during
long-term studies of ALAN on insects. The classic single-
channel devices such as illuminance meters (luxmeters) or
PAR meters should generally be avoided. If these are used,
they need to be calibrated for low light levels and should ide-
ally be used in combination with spectral measurements
(i.e. of the surrounding major light sources). Combined, a cal-
ibrated illuminance meter and a spectroradiometer can provide
some estimate of ALAN conditions, however, no spatial infor-
mation is provided and sensitive spectroradiometers are not
available. It is rather recommended to acquire spatially
resolved radiance, ideally in multiple bands, with an imaging
instrument. Commercial digital cameras with fisheye optics
are currently the best instruments for this purpose because they
are sensitive down to starlight level, it is possible to cover a
large dynamic range and have the colour information in three
bands (Jechow et al., 2020). Furthermore, the full 4pi lightfield
can be obtained with just two images (Jechow et al., 2019).
The camera needs to be calibrated and software is developed
from the astronomical community (Kolláth &
Dömény, 2017; Jechow et al., 2019). From the RGB camera
measurements, it is possible to infer the light sources and other
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colours, with some limitations (Garcia et al. 2015). Ideally, a
spectral measurement should accompany the camera measure-
ment, particularly to detect whether UV radiation is present.
Currently outdoor capable camera systems and cheap DIY
alternatives (Walczak et al., 2020) are being developed to
enable a continuous monitoring.
• Where to measure? Measurements should be obtained within
the habitat at one or multiple representative locations.
Depending on subhabitat use, there can be substantial varia-
tion where different organisms will experience light levels
very differently, e.g. a mayfly flying along a forest edge ver-
sus an epigëic ground beetle. When monitoring long-term
effects on insects, it is important to also observe the changes
in ALAN and of skyglow near the monitoring sites.
• When to measure? Measurements should be performed in par-
allel with the samplings but ideally obtained on a regular basis
and for different weather conditions and moon phases over
the course of each monitoring season. If this is not possible,
there should be regular measurements at clear sky during new
moon conditions at least when skyglow is of interest for the
study. Any change in lighting technology should have a before
to after comparison under similar conditions. Of course, the
potential impact of changes in background lighting depends
on the extent of direct and indirect ALAN in the surroundings
of experimental sites, which is of particular importance at very
dark areas with light sensitive species. Also note that in some
ecosystem types, particularlywithin deciduous forests, seasonal
change in vegetation cover will likely have strong effects on
effective impacts of ALAN or skyglow on organisms near the
ground that needs to be controlled for. Hence, we recommend
complementing the night-time measurements we describe with
daytime light measurements of photosynthetically active radia-
tion for studies in these ecosystems (Baldocchi et al., 1986).
• What units should be used? In general, it would be desirable
to report results in standardised and traceable SI units in
Watts and nm. However, the different target groups utilise
their own units. Lighting professionals and public authorities
are human centric and prefer photometric units (e.g. lx or cd),
while biologists tend to use photon numbers as energy unit. If
a spectral measurement is obtained, it is possible to convert
units. Therefore, a good practise would be to provide multi-
ple units (i.e. lx andWatts and/or photon numbers, nm). Units
in the PAR band were developed for photosynthesis and
might be only indirectly relevant for entomological or ALAN
studies (via impact on host plants) and therefore should be
avoided at least during the night.
• Sky brightness monitoring with devices like SQMs has the
advantage of high temporal resolution. However, it should
be only complementary to other ground-based measurements
(ideally with multi-spectral imaging devices) because a
zenith night sky brightness value alone is not the ideal param-
eter for insect studies. Furthermore, the SQM should not be
used beyond its scope (Longcore et al., 2020).
• Night-time remote sensing for large-scale monitoring: Long-
term changes of ALAN over large areas can be estimated by
usingnight-time light remote sensing (Levinet al., 2020).Cur-
rently, the best instrument formonitoringALANfromspace is
the day night band (DNB) of the visible infrared imaging
radiometer suite (VIIRS) on board of the SuomiNPP satellite.
However, there are certain issueswith this approach including
the spatial resolution of only 750 m, the lack of sensitivity in
the blue spectrum (Kyba et al., 2017) but also the unknown
ratio of light emitted towards the satellite and light emitted into
a certain habitat, particularly for aquatic ones (Jechow &
Hölker, 2019b). This is particularly problematic when chang-
ing spectral composition from e.g. high pressure sodium to
LEDs and/or from unshielded to shielded lamps. Thus,
night-time light remote sensing should only accompany
ground-based light measurements in insect monitoring.
Concluding remarks and outlook
Despite a limited number of long-term studies on the effects of
ALAN on insect population trends, there are already numerous
studies that investigate effects of ALAN on insects on shorter
time scales (e.g. Perkin et al., 2014; Bolliger et al., 2020; Stewart
et al., 2020) and their growing number shows increasing interest
in this research topic. Such studies often include single sampling
events or short sampling periods within one season, both in
newly lit areas and those that already experienced nocturnal illu-
mination for longer times, and the conclusions on the effects of
ALAN on insect populations that can be drawn from such studies
are limited. These studies do, however, provide valuable insights
into effects of a broader range of lighting types and strategies as
well as different ALAN intensities and colour spectra on insects
(e.g. Pawson & Bader, 2014; Wakefield et al., 2016; Macgregor
et al., 2017), as well as data from other ecoregions (Haddock
et al., 2019; Pawson & Bader, 2014). This information can be
used in a meta-analysis approach to understand a broader picture
how ALAN affects insect communities and populations. In this
short article, we have given an overview about the current
knowledge on long-term impacts of ALAN on insect popula-
tions. Direct evidence that artificial light plays a role in reported
insect declines is still scarce and we suggest a number of steps
how future studies can be improved to address these gaps.
Of course achieving all of our recommendations within a sin-
gle study is almost impossible given limited resources and lim-
ited availability of taxonomic expertise. While (semi-)
automated insect identification (and quantification) will likely
become more affordable with the use of image recognition soft-
ware and molecular tools (Ärje et al., 2020; Høye et al., 2021),
identifying large numbers of insects, regularly over several years
is currently a substantial effort. The fact that most individual
studies do not follow all those recommendations, we have laid
out here is in itself not problematic. Some of our recommenda-
tions are essential to allow for interpretation of the results, such
as a comprehensive quantification of the ALAN treatments and
ALAN from the surroundings of experimental sites with a proper
measurement strategy for nocturnal light. Others such as replica-
tion of treatments and controls confine which conclusions can be
drawn but data from experiments with low or even non-existent
replication can still be used in meta-analyses. If multiple experi-
ments with low replication would all show similar patterns this
could still indicate an effect. In this vein, it would be possible
to provide additional inside in the long-term impact of ALAN
© 2021 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological
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on insect populations based on large numbers of individual
experiments that might fulfil only few criteria from our checklist.
One should be cautious of a ‘file-drawer’ bias in the published
scientific literature when practising such approach (Lortie
et al., 2007), and we strongly encourage researchers to publish
null results to minimise this issue (Gaston et al., 2015).
While we have focused here on the documentation and track-
ing of insect abundance and biomass trends, there are of course
additional topics that can and should be investigated further.
For instance, to obtain a better understanding on long-term
impacts of ALAN on insect population trends, addressing how
species interactions and interaction networks of insects are
affected by ALAN is critical to achieve a better understanding
of ecosystem level effects. This is particularly relevant as nega-
tive effects of ALAN on ecosystem services like pollination have
already been documented (Knop et al., 2017). Similarly, trophic
interactions are altered in a way that might affect energy and bio-
mass fluxes across ecosystem boundaries (Meyer &
Sullivan, 2013; Manfrin et al., 2017; Manfrin et al., 2018).
Finally, we want to reinforce that successful research pro-
grammes on ecological light pollution require building – and
maintaining – strong inter- and transdisciplinary research net-
works. Entomological research and insect conservation imple-
mentation that are meant to diminish negative effects of ALAN
urgently need the inclusion of complementary expertise of phys-
icists, lighting professionals and social scientists covering vari-
ous aspects of light and lighting. Furthermore, meaningful
implementation of findings to future lighting approaches will
be impossible without involving industry, legislators, and com-
munities (Hölker et al., 2010; Pérez Vega et al., 2021).
Although still limited, the information of existing studies
should suffice to apply the precautionary principle and to reduce
any possible adverse effects of artificial illumination with exist-
ing technical solutions. Well-designed long-term experiments
will give insight in these adverse effects and to allow for effec-
tive mitigation and regulation of the impact of ALAN on insect
communities. Hopefully, this will lead to the treatment of light
pollution as a pollutant, limiting the exposure of the natural envi-
ronment to artificial light where and whenever possible.
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